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INTRODUCTION 
The Problem 
Telemetry of physiological data by radio from inside the body 
is in wide use. Unfortunately, the strength of the signal received 
from the transmitter or radiosonde almost always decreases when 
the transmitter is placed within the body. The drop in signal 
strength has been observed to range from quite small amounts at low 
frequencies, say in the hundreds of kilohertz, to very high values 
when higher frequencies are used, in the hundreds of megahertz, 
for example. 
It is well known that electromagnetic waves are absorbed when 
passing through partially conducting, or electrically lossy material, 
and this absorption is usually assumed to explain the decrease in 
signal strength. However, there exists the possibility that the 
lossy material affects the transmitter circuit-directly, by "loading" 
it, as energy coupled from a resonant circuit "loads" the circuit. 
The purpose of this paper is to study this interaction between 
the lossy material and the antenna and to determine its attenuating 
effect compared with simple absorption. 
Background 
In self-contained biotelemetry transmitters, there is no space 
for a separate antenna. One or more of the components in the 
transmitter circuit becomes the antenna by virtue of its physical 
size or the magnitude of the radio frequency (r.f. ) current it 
carries. Electromagnetic theory predicts that longer conductors 
will radiate more energy than shorter ones. Of course, the r. f. 
energy radiated by any conductor increases with the amount of r. f. 
current flowing through it. In r.f. oscillators, the tank circuit 
carries the greatest r.f. current, so it is logical to use one of 
the tank circuit components as an antenna. Generally, the coil is 
observed to radiate more electromagnetic energy than the capacitor. 
It is well known that most body tissue is a partial conductor. 
Being such, it tends to "shield" the receiver from the transmitter. 
More precisely, the transmitted electric field sets up currents in 
2 
the body tissue which set up a smaller field in the opposite direction 
from the field which created the currents. At any point in the 
tissue, the two opposing fields add vectorially, and the result is 
a progressive attenuation of the transmitted fi�ld. This process 
is popularly termed absorption of the radiated power by the tissue. 
Of course, the greater the conductivity of the tissue, the greater 
the induced currents. Larger induced currents create a larger 
opposing field and the result is a greater attenuation of the 
original transmitted field. 
The results of an experimental study1 indicate that the tissue 
absorption of radiated r. f. energy, as opposed to reactive or stored 
r.f. energy, is minimal, and that the drop in signal strength at the 
3 
receiver is due to an actual decrease in the transmitter's radiated 
power. The experimenters found that the Q of their radiating 
element, a coil, decreased when the potted coil was immersed in a 
physiological saline solution.* Or in other words, the series 
resistance of the coil as seen by the measuring instrument increased. 
These measurements were made at frequencies between 85 and 110 MHz; 
as the frequency increased, the increase in series resistance became 
uniformly greater, which seemed to indicate greater losses at higher 
frequencies. The authors conclude that the power radiated by the 
coil is reduced by the increase in series resistance. 
The radiation efficiency of infinitesimal electric dipoles 
and magnetic dipoles (circular loops) has been investigate� by Row2 
for some special cases. He placed the dipoles at the center of an 
air cavity surrounded by a shell of lossy material. Expressions 
were found for the ratio of radiated power to power dissipated in 
the shell. This ratio is called the radiation efficiency of _the 
dipole. Unfortunately, the expressions derived are good only for a 
shell of fairly high conductivity, which excludes physiological 
saline. Row considers the radiated power available outside of  the 
lossy shell to be constant, and does not consider the effects of 
losses on the antenna currents. However, he does show that the power 
* Physiological saline is a 0.9% aqueous sodium chloride solution, 
the same concentration of electrolyte as is found in the body. 
( 
dissipated in lossy material near an electric dipole is much greater 
than the dissipated power near a magnetic dipole, which may be a 
significant finding for biotelemetry applications. 
The admittance of large circular loops in a saline solution has 
been examined by Iizuka. 3 However, the loops were completely 
surrounded by the saline solution as well as uninsulated from it, 
which is a seldom used configuration in radiosondes. Moore4 in­
vestigated antenna pattern analysis and antenna gain definitions in 
dissipative media. He arrived at the same conclusion as Row2 con­
cerning the greater power dissipated in the vicinity of the electric 
dipole. 
lb.! Investigation 
Since small loop antennas are presently used in biotelemetry, 
and since previous work 2, 4 indicates that magnetic dipoles have 
superior radiating properties in lossy environments, it is proposed 
to study the radiation of a small loop in lossy media. Only the 
v. h. f. range will be studied, since it has been experimentally de­
termined that, in free space, the signal from a v. h.f. radiosonde 
can be detected at a much greater distance than can the signal from 
a l. f. or h. f. device. It seems that the v. h. f. range shows some 
promise for biotelemetry work, if some means for reducing the signal 
attenuation in the body could be found. The work essentially 
4 
involves determining the equivalent circuits for the loop in the 
two environments. 
Loop in free space 
A loop will radiate a small amount of energy when it carries 
a sinusoidal current. It has been found that the power radiated is 
proportional to the square of the loop current, r. 5 To the loop, 
this radiated power is lost, as th� power used in heating a resistor 
is irretrievably lost. Therefore, it has been found convenient to 
represent the loop antenna by an equivalent circuit containing a 
"radiation resistance" Rrad' whose value satisfies the equation 
5 
power radiated = (1-1) 
where I is the effective value. Fig. 1-1 shows the loop's 
equivalent circuit, which includes the wire impedance and the loop 
inductance. 
Loop in lossy media 
When the loop is surrounded by a partially conducting medium, 
the loop's electric field creates circulating currents in the medium. 
These currents create Joule heat in the medium, which is found to 
be proportional to the loop current squared. Another resistance, 5 
a "dissipation resistance", Rd. , is therefore introduced into the lSS 
Fig. 1-1 
L 
Equivalent circuit of a small loop 
antenna in free space. 
loop's equivalent circuit. The value of the dissipation resistance 
satisfies the equation, 
6 
rate of Joule heating = I2 R diss (1-2) 
The loop's equivalent circuit then appears as in Fig. 1-2. 
Fig. 1-2 
L 
2wire 
R 
rad 
Equivalent circuit of a small loop antenna 
surrounded by a dissipative medium. 
Note that the Q of the circuit in Fig. 1-2 will be less than 
the Q of the circuit in Fig. 1-1, which seems to be compatible with 
7 
the results noted in reference (1). The current flowing in the circuit 
of Fig. 1-2 will be less than the current in the circuit of Fig. 1-1, 
for equal applied voltages. Since the radiated power is proportional 
to the loop current squared, it appears from these equivalent circuit 
representations that the loop will radiate less power when surrounded 
by lossy media. 
Scope of� Investigation 
In this paper, the change in loop resistance is examined when 
the loop is placed at the center of a spherical air cavity which 
is in turn surrounded by a sphere of physiological saline solution, 
as shown in Fig. 1-3. 
Air cavity  
containing the 
loop antenna 
Physiological saline solution 
Fig. 1-3 Loop antenna in the dissipative 
medium. 
8 
The functional dependence of the magnitude of the dissipation 
resistance on the cavity radius will be studied. The validity of 
introducing a dissipation resistance will be experimentally tested 
by immersing a loop in a physiological saline solution and directly 
measuring the change in resistance with an r. f. bridge. Once the 
increase in resistance is established, the resultant reduction in 
radiated power will be mathematically calculated and compared with 
the reduction in radiated power caused by radiated power absorption, 
in an effort to determine which effect predominates. 
9 
The analysis will begin with the derivation of the electro­
magnetic fields in the space around the loop in air and in a lossy 
medium. An analysis of the fields in the cavity and in the saline 
solution will be made with the goal of obtaining a good approximation 
for the fields in the solution, from which the Joule heat liberated 
in the solution can be found and the dissipation resistance 
determined. 
PCNIER DISSIPATED IN A PHYSIOLOGICAL SALINE SOLUTION 
In order to obtain an expression for the circulating currents 
in the saline solution, the electromagnetic fields in the solution 
resulting from the current in the loop are required. The electric 
field intensity in particular is needed, since the ions in the water 
which are the elements comprising the current respond principally 
to an electric field. 
The loop is oriented in the spherical coordinate system as in 
Fig. 2-1. 
Fig. 2-1 
z 
X 
-- I 
,I,.. � - -. - - I 'fl --..J 
y 
Circular loop antenna of radius a in the spherical 
coordinate system. 
The fields in any linear medium, lossy or not, are derived in 
Appendix A. The field components are, 
Hr 
= IS cos0 -jkr 
2 7T e 
He = 
IS sin 9 -jkr 
e 4 1T 
"♦ = 0 
(jk + -1) 
r2 r3 
( k2 jk 1) 
--+�
+-r r r3 
amp/m 
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(2-1) 
(2-2) 
(2-3) 
Er = 0 (2-4) 
Ee = 0 
-jkr e vol t/m 
(2-5) 
(2-6) 
where S is the loop area, I is the loop current, and 77 and k are 
respectively the intrinsic impedance and the propagation constant of 
the surrounding medium.* In lossy media, 77 and k become complex, 
given by 
* The notation used here is that used in Harrington. 8 
77 = 77' + j 77" 
k = k' - j k" 
The field components in lossy media become, 
H = IS cos 8 r 2 -,,-
-jk'r -k"r e e (
k" 1 . k') - +- + J-
r2 . r3 r2 
He = 
IS sin8 e-jk'r e-k"r 
4 
E = 0 r 
Ee = 0 
Ed\= IS sin9 e-jk 're -k "r 
'I' 4-,,-
---- - J-- - J- - -(
k, 2 - k"
2 . 2k 'k" .k' k") 
r r r2 r2 
12 
(2-7) 
(2-8) 
amp/m (2-9) 
(2-10) 
(2-1 1) 
volt/m {2-12) 
13 
The field expressions were derived under certain conditions which 
are: 
( 1) The loop circumference is small compared with a wavelength 
so that the loop current has the same phase at every point. 
(2) The loop is a fifamentary, resistanceless conductor. 
(3) The loop radius is small compared with the distance 
to the point at which the field expressions are desired. 
(4) The loop is surrounded by an infinite homogeneous medium. 
These conditions are, of course, never quite fulfilled, so the field 
expressions are approximate. In this application, the physical 
arrangement of the loop in the cavity does not conform well to 
condition (3) for small cavity radii, so the cavity will be made as 
large as possible within the limits of practicality for biotelemetry 
transmitters. 
Note'that the field components contain inverse-first, second, 
and third power terms of r. The inverse-first power terms pre­
dominate at large distances from the loop and constitute the 
radiation field, or far field. The inverse-second and third power 
terms are large close to the loop and are referred to as the� 
field. Reactive energy, or energy which is alternately stored in 
the space around the loop and returned to the loop, is present in 
the near field. The electric and magnetic field intensities here 
are almost 90° out of time phase. Only radiated energy is present 
in the far field, where the electric and magnetic intensities are 
in phase. 
2 4 910 4��-; .. rTr1 D;�. T_ TAT;E U .TIVE ITY LIB ARY 
Electric field in free space 
In free space, 
'TJ = "lo 
= 377fl 
= 2.09 -1 m 
14 
(2-13) 
(2-, 14) 
at 100 MHz. These values can be substituted in Eq. (2-6) and the 
electric field intensity in free space obtained. 
Electric field in saline solution 
In lossy media, 8 
= 'TJ ' + j 77" (2-15) 
15 
and 
k = 1/-j w µ,0 (er+ W€" + !/J.J4F!) 
= k' - jk" (2-16) 
where er and E" are respectively the conductivity and dielectric 
loss factor of the lossy medium. The a.c. capacitivity of the medium 
is donated E'. In Append ix B, the values of ( CT + WE ") and E' 
are determined for physiological saline. They are 
( er + WE " ) = l • 50 
E' = 75 E 0 
= 6. 5lxlO-lO 
mho/m 
farad/m 
Substituting these values in Eqs. (2�15) and (2-16), we have 
'T}' = 17. 9 ohms k' = 27.8 rad/m 
7J" = 13. 7 ohms k" = 21. 2 neper/m 
The values of the intrinsic impedance and the propagation constant 
can be substituted in Eq. {2-12) and the electric field intensity 
16 
in physiological saline solution obtained. In Fig. 2-2, the electric 
field intensities in air and in physiological saline solution are 
shown as a function of radial distance from the loop. 
Note that the electric field intensities in Fig. 2-2 are obtained 
for the case of an infinite medium surrounding the loop, either free 
space or physiological saline. The question is, what is the field 
intensity function for a free space cavity surrounding the loop in 
a large volume of physiological saline solution? Since the two 
curves in Fig. 2-2 are almost identical for points close to the 
loop, and their slopes approach each other as well, it is believed 
that the introduction of a small air cavity will not change the field 
function much in the area beyond the cavity. The true field intensities 
in the cavity are believed to be close to the upper curve in Fig. 2-2 
and the values in the saline solution close to the lower curve. It 
is then presumed that the electric field function in the cavity-
saline system follows approximately the curve in Fig. 2-3 for a large 
surrounding volume of saline solution. Making this assumption is 
equivalent to neglecting the power reflection at the cavity wall and 
at the outer saline solution-air boundary, no standing waves are 
assumed to exist. (It is believed that in a large volume of saline 
solution, the standing waves resulting frcm reflection at the outer 
saline solution-air boundary contribute little to the power lost in 
the solution, due to the small magnitude of the radiated field in­
tensity compared with the near field intensity. ) A more accurate 
analysis would include the standing waves in the system. 
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of 1 ma at 100 MHz. The dashed portions indicate 
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Polar Angle e = 900 
� 
- � " 
�\ · .. 
\. 
free space 
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4 8 12 16 
Distance From Loop Center cm 
20 
Fig. ·2-3 Proposed electric field ·intensity around a 1 cm 
radius loop carrying an e ffective current of 1 ma 
iurround�d by a 6 cm radius air cavity in a large 
. volume of .physiological saline. 
Currents created in the saline solution 
Any electric field occurring in a partially-conducting linear 
medium produces a conduction current described at any point by 
J = 0- E amp/m2 
19  
where J is the current density, E is the electric field intensity, 
and 0- is the conductivity of the medium. If the medium has a 
dipolar relaxation loss when time-varying electric fields are applied, 
J = (CT + WE") E amp/m2 (2-17) 
where w is the radian frequency of the electric field. For physio­
logical saline, 
J = 1. 50 E amp/m2 
It can be seen from Eqs. (2-10) through (2-12) that the current density 
J will have only one component, in the <I> direction, and that the 
magnitude of the current density will rise rapidly as the loop is 
approached closely due to the inverse second power terms in Eq. (2-12). 
In Fig. 2-4 the current density is shown as a function of the radial 
distance from the loop. It appears that the dissipative current 
density is a near field phenomenon, i. e. it is a result of the large 
electric field intensities in the immediate vicinity of the loop. 
100 
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C 
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or4 
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er4 
Q 
0.01 
\ 
\ 
\ 
0 
Fig. 2-4 
Polar Angle 
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4 8 12 
Distance From Loop Center - cm 
e = 90° 
16 
Dissipative current density in physiological 
saline at 100 MHz. The loop is 1 cm in radius 
and carries 1 ma effective current. 
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20 
Power dissipated in the saline solution, method 1 
The current flowing in the saline solution is accompanied by 
the creation of Joule heat. The time-average dissipated power 
density at any point is given by 
watts/m3 
21 
where J and E are effective values. Substituting Eq. (2-17} into 
the above 
(2-18) 
= 1.50 IEI 2 watts/m3 
for physiological saline at 100 MHz. The electric field intensity in 
saline is given by Eq. (2-12). The magnitude squared is 
IEI 2 TJ .. 2} 
Substituting this expression into Eq. (2-18), it is seen that 
(CT+ WE'") -2k "r e 
+ k"2] 
r4 
22 
watts/m3 (2-19) 
Substituting the values of the constants 77' , 77", k', k", and 
( CT+ WE'"), the dissipated power density becomes 
0-1 4 -42. 4r [
l. 50x!06 5. 18xl04 1 . 22x103
] = 4. 75xl e ---- + ---- + ----
r2 r3 . r4 
watts/m3 
for a loop current of 1 ma and polar angle e = 90° . The dissipated 
power density is shown graphically in Fig. 2-5. 
The total time-average power dissipated in a volume of saline 
solution is given by a volume integration of the dissipated power 
density. 
10-8 
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Polar Angle e = 90° 
.__ ____ ___. __________________ ..,__ __ ___,;::...,_--L 
0 4 8 12 16 20 
Distance From Loop Center - cm 
Fig. 2-5 Dissipated power density around a 1 cm radius loop 
in a large volume of physiological saline. The loop 
carries 1 ma effective current at 100 MHz. The 
dashed portion indicates the area in which the exact 
power density is unknown. 
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watts 
In the spherical coordinate system, 
(2-20) 
where r1 is the radius of the air cavity and r2 is the radius of the 
spherical saline medium surrounding the cavity. It has been decided 
to make the surrounding saline solution fairly large in extent in 
order that the electric field intensity in the saline be given 
approximately by Fig. 2-3. In addition, it is apparent from Fig. 2-5 
that most of the power dissipation occurs in the vicinity of the 
loop. Therefore, it appears that little error is introduced in 
Eq. (2-20 ) if r
2 
- CX>, giving 
r2 sin e dr de d cp (2-21) 
The validity of this assumption can be verified by cal culating a 
value of r2 within which 99% of the dissipated power appears. From 
Eq. (2-20) it is found that for a cavity radius r1 = 5 cm, 
r2 = 15 cm, therefore the error in extending r2 from 15 cm to 
infinity is less than 1%. 
Substituting the expression for the dissipated power density 
P
d 
in Eq. (2-19 ) into Eq. (2-21) and carrying out the integration, 
it is seen that 
= TJ .. 2) 1
2s2 
6 1T  
( 0- + W E " )  
[t ( ::,4 + k "3 + 2k ' 2 k" ) 8-2k "r1 + (k , 2 + k 't-2::r1] 
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watts (2-22) 
Substituting the values of the constants for physiological saline 
and a 1 cm radius loop, Eq. {2-22) becomes 
watts (2-23) 
where r1 is the cavity radius (meters) . 
Power dissipated in the saline solution, method 2 
The power lost in the solution can be found using a different 
method. The power lost in an infinite surrounding medium is 
recognized as the time-average power crossing the cavity wall in a 
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radial direction. The complex Poynting vector N around the loop 
in lossy media is found in Appendix A. The radial component, Nr, 
is the only component contributing to power leaving the loop. It is 
Nr = 
y2s2 sin2e 
167T2 
2k"
2 k "
] + - + -
r4 r5 
-2k"r e 
r( 
1' [(k "
2 + k"2)
2 
r2 
2k" (k'2 + k"
2) 
r3 
[
2k 'k" 
r4 
k'
� 
+ -
r5 
watts/m2 (2-24) 
where S is the loop area. The power Pd flowing away from the 
loop into dissipation regions is then the time-average power crossing 
the wall. It is found by an area integration of the time-average 
radial Poynting vector over a sphere of radius infinitesimally · 
greater than the cavity radius. 
watts 
Substituting Eq. (2-24) in this expression and carrying out the 
integration, 
pd 
= I
2s2 -2k"r -- e 1 
6 7T  
[ 7J' ( ( k ' 
2 + k .,2 ) 2 + 2k" (k'
2 + k .. 2) 2k "2 + -
rl rl
2 
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k" 
) + - -
r1
3 77" (
2k'k" + �) ] 
r 2 r 3 
watts (2-25) 
1 l 
In a 1 ossless medium where r;" = k" = O, Eq. (2-25) becomes 
= watts 
6 7r  
This is the power radiated from the loop in free space. It is 
identical with the expression for the power radiated from a small 
loop found in Appendix A .  The expression for dissipated power in 
Eq. (2-22) differs from that in Eq. (2-25 ) because the former 
expression represents power dissipated in a lossy medium, while the 
latter expression is the power flowing away from the loop in any 
medium. The two expressions must be identical in an infinite l ossy 
medium because al l the power flowing away from the loop { Eq. 2-25) 
will eventually become Joule heat. If the values of the constants 
for physiological saline and a loop of 1 cm radius are substitu ted 
into Eq. (2-25 ) , we have 
28 
watts (2-26 ) 
where r1 is the cavity radius. This expression is identical to 
that in Eq. (2-23 ) ,  which is the expected result. 
It must be remembered that the electric field expression ( Eq .  2- 12)  
from which Eqs. ( 2-23 ) and (2-26) were found is not accurate at 
distances from the loop center less than about 5 cm. This makes 
Eq. (2-23 ) and ( 2-26 ) valid for r1 > 5 cm • .  
THE PROPCSED EQUIVALENT CIRCUIT FOR THE LOOP ANTENNA 
IN AIR AND IN SALINE SOLUTION 
In the first chapter, it was established that the radiation 
from a l oop in free space can be represented by a radiation resistance 
(Eq. 1-1) in the loop's equivalent circuit. It was also postulated 
that the power l ost in the saline solution through the creation of 
electric currents in the solution could be represented by a dissipa­
tion resistance (Eq. 1-2) in the loop's equivalent circuit. In 
the second chapter it was predicted that this dissipated power 
occurs mainly in the near field, where the electric field intensity 
is very high. 
In a practical situation, where the loop antenna is surrounded 
by a finite volume of lossy material, it is convenient to divide the 
power leaving the loop into several parts. This power division is 
shown pictorially in Fig. 3-1. The power P1 appears in the saline 
solution in the immediate vicinity of the loop. It results from 
the large electric field intensity in the loop's near field (the 
inverse-second power terms in Eq. 2-12), but not from the radiated 
electric field intensity (the inverse-first power terms in Eq. 2-12 ) .  
If the saline solution is fairly large in extent, the power Pi 
will be equivalent to Pd in Eq. (2-22). The power Prad is that 
which is radiated from the l oop. It is the radial component of the 
cross product of the inverse-first power terms of E and H. No 
reflection is assumed to take place at the cavi ty wall, in order that 
cavity containing 
the loop 
30 
Physiological saline solution 
p 
--------- outside 
Receiver 
Fig. 3-1 The time-average power leaving the loop is 
divided into five parts. 
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the e lectric f ie l d  intensity be given by Fig .  2-3 .  Th is power Prad 
encounters an attenuation as the radiated field passes through the 
saline solution. Some of this radiated power becomes Joul e heat 
in the solution, and is denoted P2 • Because of the very sma l l  
electric field  intensity in the radi ated field compared with the near 
field, P2 < < P1 • The power P3 is then the power which reaches 
the outer boundary of the sal ine solution. Clearly, 
p ·, = 
rad 
A power reflection occurs at the boundary of the sal ine solution, 
since the intrinsic impedances of the two media, saline solution 
and a ir, are different. The reflected power will be denoted P4 • 
It is assumed here to be total ly absorbed on its return �hrough the 
saline solution. The power avail able to a rece iver outside the 
saline sol ution is then Poutside ' where 
Poutside 
= 
S ince the present goal is to develop an equivalent circuit for the 
loop, the question arises : what happens to the radiation resistance 
when the loop is surrounded by a lossy medium? As far a$  any measure­
ments at the loop terminals are concerned, the question is academic, 
because the radiation resistance of a small loop is about three 
orders of magnitude sma l l er than a typical wir� resistance. · The 
radiation resistance could be removed from the loop ' s  equivalent 
circuit without affecting the loop current. The power P2 in the 
prior discussion is included in the expression for dissipated power 
in the previous chapter (Eq. 2-22), since the radiated electric 
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field intensity was used as well as the near electric field intensity 
in the determination of the dissipated power. The power P2 will 
then be represented by a part of the dissipation resistance. The true 
radiation resistance of an antenna in a lossy medium represents the 
power Poutside ' since this is the power available to the receiver. 
It can be calculated if the extent of the lossy medium is known. The 
power Poutside becomes larger as the size of the lossy medium 
diminishes (assuming a constant small cavity size), so the radiation 
resistance becomes larger as the extent of the lossy medium becomes 
smaller. If the dissipative medium approaches a thin shell around 
the loop, the radiation resistance rises toward the free space value. 
This variation in radiation resistance as seen at the receiver is 
characteristic of antennas in a dissipative medium, in contrast with 
the fixed value of radiation resistance of an antenna in free space.* 
Dissipation Resistance 
For ease of cal culation in the determination of the dissipation 
resistance, the lossy medium is considered infinite in extent, so 
that the power p3 vanishes. The power P2 is lumped with the 
* See reference (4). 
dissipated power for which an expression has already been f ound 
(Eq. 2-22). Therefore the equivalent circuit of Fig. 1-2 for a 
loop in a dissipative medium will be modified as in Fig. 3-2 by 
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the removal of the radiation resistance in order to properly represent 
the loop in an infinite dissipative medium. 
Fig. 3-2 
L 
2wire 
Equivalent circuit of a small loop antenna in an 
infinite dissipative medium. 
If I is the loop current, the dissipation resistance will be 
given by the coefficient of 12 in an expression for power dissipated 
in the saline solution, in accordance with Eq. (1-2). The power 
dissipated in an infinite lossy medium has been found and is given 
by Eq. (2-23) or (2-26) for physiological saline at 100 MHz . 
The dissipation resistance is then 
34 
ohms (3-1 ) 
In this expression, r1 is the radius of the insulating air cavity 
surrounding the loop. Physiological saline solution is taken as the 
dissipative medium and the loop is 1 cm in radius. The variation of 
the dissipation resistance with cavity radius is shown in Figs. 3-3 
and 3-4. In Fig. 3-4 the abscissa is expanded for better definition 
at -the smaller cavity radii. 
� Impedance 
The wire of the loop has an impedance which is greater than 
the d. c. resistance due to the skin effect. The impedance of a 
good conductor at radio frequencies is commonly defined as the 
impedance per unit length of a flat conductor of unit width. 6 The 
voltages and currents occur on the surface of the conductor, so 
the impedance is called a surface impedance , 25 • The surface 
impedance is given by6 
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Fig. 3-4 Dissipation resistance of a l oop in an insulating 
cavity surrounded by physiol ogical sa line . The 
abscissa is expanded here at the smal ler cavity 
rad i i .  For this range of  cavity s i zes the 
dissipation resistance expression in Eq. (3-1 )  
is only approximate. 
= 
1� v� 
� ( 1  + j ) ohms 
where /L e  and CTc are the permeability and conductivity of 
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(3-2) 
the conductor , respectively. For copper, 11-c = µ,0 = 41T x10-7 h/m 
and 0-c = 57x10
6 mho/m. Substituting these values into Eq. (3-2) ,  
we have 
The - w ire impedance is then given by 
Z = Zs wire 
wire length 
wire circumference 
2 1T  a 
2 -rrp 
a 
ohms ( 3-3 )  
ohms 
where a is the loop radius and is the wire radius . Choosing 
the loop to be made of # 16  wire and 1 cm in radius, a =  1 . oox1 0-2 m 
and p = 4. 06x10-3 m, and thus 
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Z
wi re 
= 0. 0406 { 1 + j )  ohms { 3-4 ) 
Experimental � 
An experiment was devised to determine the existence - and the 
magnitude of the dissipation resistance at 100 MHz . A test l oop 
was made of #16 enameled copper wire 1 cm in radius. The l oop was 
connected to an r. f. bridge (Boonton Radio Co. RX Meter) through  a . 
l½ �avelength sect ion of 50 ohm coaxial cable .  Advantage is taken 
of the fact that a l ine length which is an integral mul tiple of ½ 
wavelength is effe ctively  a 1 : 1 impedance transformer, i. e. an 
impedance conne cted at one end wil l appear unchanged at the other 
end .  Provision was made for making smal l adj ustments in  the l ine 
length by includ ing an adj ustable 50 ohm air l ine. 
The r. f. bridge is a vari ant of the a. c .  Wheatstone bridge, 
modi f ied for high frequency and very high frequency measurements. 
Before being used for the loop impedance measurements, the bridge 
was first used to measure some known resistances and inductances, 
whose values were of the same order of magnitude as the l oop 
impedance. In all  cases, the bridge appeared to be ac curate to 
at least three significant figures. 
The a ir cavity surrounding the loop was simul ated by a 
styrofoam ball of the appropriate radius (see Fig. 3-5 ) .  An 
investigation of the electrical properties of styrofoam7 ind i cates 
that the vol ume of plasti c  in a sample of a c ommonly used· styro­
foam is 2 . 3% of the sample volume, the remainder being a ir. The 
relative permittivity of the styrofoam was predi cted to be 1. 04, 
or 4% greater than the permittivity of vacuum. From these f igures, • 
it is believed that the use of styrofoam to replace the a ir 
cavity introduces little  error in  the measurement of the loop 
impedance. 
Each styrofoam ball was cut in half and the loop and i ts 
connecting cable pla ced in a small cutout in one half. The two 
ha lves were fastened together and the ball was encased in a thin 
plastic  sheet to make it waterproof. The assembly could now be 
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immersed in the container of physiological saline solution. The 
container was an almost-spherical fiberglas tank , shown in Fig . 3-6. 
Its dimensions are given i n  Fig. 3-7 ;  its mean rad ius was 28 cm. 
In the last chapter it was predicted that 99% of the power 
dissipated in a physiological sal ine solution at 100 MHz appe ared 
in a sphere of radius 15  cm when the air cavity radius was made 
5 cm. It is therefore believed that the fiberglas tank of saline 
solution represents an infinite dissipative medium for the purpose 
of measuring the dissipation resistance. The equipment setup 
for the measurement of the loop impedance is shown in Figs. 3-8 
and 3-9. 
A series of loop impedance measurements at 100 MHz was taken 
in  air and in  the physiologi cal saline solution using styrofoam 
balls of fadii 3. 7 ,  5. 0 ,  6. 1 , and 7. 5 cm. The transmission line 
was adjusted to exactly 1½ wavelengths by disconnecting the loop 
from the center conductor of the coaxial cable and adj usting the 
air line length until the r . f. bridge indicated only a resistive 
F ig .  3-5 The l oop antenna in the two ha lves of a styro foam bal l .  
.p. 
J--1 
Fig. 3-6 The f iberglas tank containing the physiological 
saline solution in which the loop was immersed. 
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l 
57.5 cm 
l 
..,_ 54 cm --+ 
Front view Side view 
Fig. 3-7 D i mensions of the fiberglas tank used to contain 
the physiological saline solution. 
line impedance. Ideally the impedance would be resistive and 
infinite, but it is finite in any practical case because the line 
is not lossless. The loop was then reconnected to the center 
conductor and placed in the styrofoam ball . 
The r. f. bridge reads the equivalent parallel resistance and 
parallel capacitance of the impedance appearing at  its terminals, 
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Adjustable air line 
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loop antenna 
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physiological 
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Fig. 3-8 Equipment arrangement for measuring the l oop antenna impedance. 
A 
A 
F ig �  3-9  M asuring th l oop impedance . 
wh ich is  shvwn in F ig �  3- 10 � The l oop impedance can be cons idered 
an induct ive reac tan ce in ser ie s wi th a esi stance as  i n  F · g .  3- 1 1 . 
The values o f  ser i€s  x e s i s tanc and inductance are obta ined by 
equat ing the im edance s seen a t  the terminal s o f  the c ircu its  in 
F igs . 3- 10 and 3- 1 1 . 
R p 
C 
p 
Fig. 3-10 The impedance elements yielded by the bridge. 
Fig. 3-1 1 Loop impedance. 
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I f  this is done, 
R = 
R
e 
(3-5 ) s 
1 + (W R C ) 2 
p p 
2 
= ceRe 
(3·6) s 
1 + (w R C ) 2 p p 
The resistance RP in Fig. 3-10 actually represents the transmission 
l i ne resistance mentioned previously connected in paral lel with the 
true parallel resistance of the loop, so, 
where R ' 
p 
The value of 
and ( 3-6 ) . 
Rp ' R1ine 
Rp' + Rline 
is the true parallel resistance of the loop. Then, 
R • 
p 
R ' 
p 
= RP Rline 
Rline - RP 
is then inserted in place of R 
p 
in Eqs. ( 3- 5 ) 
One further correction is needed to the bridge readings . To 
cancel a residual inductan ce in one of the bridge capacitors ,  the RX 
Meter instruction manual advises adding 0 . 7  pf to the value of 
Cp in Fig. 3-10. 
The readings of R
P and Cp 
before corrections are recorded 
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in Appendix D .  The resulting values of the dissi pation resistance 
are tabulated in Tables 3-1 through 3-4. The average measured values 
of the dissipation resistance are shown as a function of cavity 
radius in Fig. 3-12. 
The factors produci ng the large vari ation in the indiv idual 
readings are not known. It . was noticed that a change in the tension 
on a length of the transmission line changed the readings, as if 
the line was stretching under the tension . Possibly a nonflexible 
transmission line would increase the precision of the readings. 
An analysis of the data is difficult due to the large deviations, 
however, the average measured value of dissipation resistance for each 
cavity size is generally larger than the predicted value, and the 
discrepancy becomes larger as the loop is approached by the saline 
solution. These results indicate that more power is being lost in 
the saline sol ut ion than predicted , possibly due to a l arger electric 
field inte nsity close to the loop than that predicted by Eq. (2-12 ) .  
This seems to be a logical explanation, since the theoretical expression 
for electric fiel d intensity ( Eq. 2-1 2 )  was derived for points in 
space where the loop looks like a point source . In the actual  
situation, the point at which the field intensity is desired is closer 
to one side of  t he loop than the origin (and thus closer to the 
Cavity radius 
Table 3-1 
Measured values of dissipation resistance. 
= 3. 7 cm 
Theoretical Rdiss = 56. 5 milliohms 
Trial Measured Dissipation Resistance 
R milliohms diss 
1 97. 1 
2 88. 6 
3 85. 0 
4 71. 8 
5 78. 8 
6 85. 1 
7 93. 4 
8 108. 4 
9 11 1. 5 
10 100. 3 
I 
Average Rdiss = 92 . 0  milliohms, standard deviation 1 2. 0  milliohms 
49 
Table 3-2 
Measured values of dissipation resistance. 
Cavity radius 5. 0 cm 
Theoretical R = 28. 5 milliohms diss 
Trial Measured Dissipation Resistance 
R milliohms diss 
1 64 . 9  
2 72. 1 
3 49.1 
4 34 . 7  
5 27. 3 
6 76.6 
7 48. 8 
8 19. 8  
9 35.6 
10 19. 6  
1 1  23. 3 
12 35 . 4 ' 
13 27. 9 
Average Rdiss = 41. 2 milliohms, standard deviation 18 . 8  milliohms 
50 
Cavity radius 
Table 3-3 
Measured values of dissipat ion resistance. 
= 6 . 1 �m 
Theoretical R = 16. 5 milliohms diss 
Average Rd . 
l S S 
Trial Measured Dissipation Resist�nce 
Rdiss milliohms 
l 19.2 
2 o. o 
3 13. 0  
4 8. 62 
5 10. 1 
6 8. 47 
7 2. 44 
8 -2 . 74 
9 13. 7  
10 25.2 
11 51. 9  
12 41. 8 
13 23. 4 
14 6 . 02 
15 1 . 45 
16 7. 84 
17 10. 5 
1 8 17. 0 
1 9  1 7 . 1  
= 1 4 . 5  mill i ohms ,  s tandard devia t i on 1 3 . 4 mi l l i ohms 
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Table 3-4 
Measured values of dissipation resistance. 
Cavity radius = 7.5 cm 
Theoretical Rdiss = 8.52 milliohms 
Trial Measured Dissipation Resistance 
Rdiss milliohms 
1 1 . 74 
2 13.0 
3 - 10. 3 
4 13. 8 
5 16.5 
6 8.30 
7 1 5. 4  
8 -1 . 31 
9 28. 0 
Average Rdiss = 9. 45 milliohms, 
standard deviation 1 0.7 milliohms 
52 
90 
80 
70 
.,, e 
.&:. 60 0 .... ..... .... 
50 
� u 
C 
� .,, .... 
40 .,, 
� 
0:: 
C 
0 .... 
� 
30 .... .,, .,, 
er◄ 
Q 
20 
10 
0 
53 
I 
' 
I 
\ 
I 
\ 
,. 
I D Average Measured Value 
I Theoretical Value ' 
\ 
\ 
\o  
0 4 
Fig. 3-12 
\ 
\ 
\ 
\ 
8 12 
Cavity Radius - cm 
Theoretical and average 
dissipation resistance. 
of the theoretical curve 
in which the theoretical 
approximate. 
16 20 
measured values of 
The dashed portion 
indicates the region 
expression is only 
54 
source of the electric field) by the value of the loop radius. Cl ose 
to the origin , this difference in distances would be expected to 
become significant. 
RADIATION FROM THE OSCILLATING TANK CIRCUIT 
All Class C r. f. transmitters incorporate a tank circuit to 
select the desired frequency from the pulse generated by the 
Class C amplifier. The tank circuit is usually a parallel resonant 
circuit, as shown in Fig. 4-1. 
C L 
Fig. 4-1 Transmitter tank circuit. 
In Class C operation, the tank circuit receives voltage pulses 
from the output tube or transistor. The large sinusoidal circu­
lating current I which results at resonance flows through the 
coil and gives rise to the radiation. Here, no external antenna 
is assumed. It can be seen from the primary field equations of 
the loop (Eq. 2-1 through 2-12) that the electric and magnetic 
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field intensities are directly proportional to the loop current I. 
So any losses which reduce the tank circuit circulating current will 
reduce the field intensities of the loop. These losses include 
series resistance in the coil and parallel resistance in the 
capacitor. For the discussion in this chapter , the tank circuit 
capacitor will be considered lossless. The effects of lossy 
capacitors are briefly analyzed in Appendix C. Fig. 4-1 is redrawn 
as Fig. 4-2 to show the coil losses. The tank circuit taken by 
itself is actually a series resonant circuit. Therefore the circu­
lating current I will be inversely proportional to the total 
resistance in the circuit. Or, 
= 
R . + R + R . 
wire rad diss 
(4-1 ) 
where c is a constant, which will turn out to be the voltage 
dropped across the total loop resistance, and = Re ( 2 . ) .  wire 
L 
C 
Fig. 4-2 Transmitter tank circuit including coil 
losses in a finite volume of lossy material. 
If the loop is in free space, 
I = 
R = 0 and Eq. {4-1) becomes diss 
57 
where Rfs is the free space radiation resistance (calculated in 
Appendix A). Then, 
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volts (4-2) 
The loop is assumed to be 1 cm in radius and made of #16 copper 
wire. Then , from Eqs. (3-4) and (A-31), R = 0. 0406 ohms and wire 
Rfs = 3. 79x10
-5 ohms at 100 MHz. Substituting these values into 
Eq. {4-2) and assuming a loop current I of 1 ma effective 
volts (4-3) 
Analysis of radiated r. f. energy attenuation using a variable 
radiation resistance 
The radiation resistance of an antenna in a lossy medium as seen 
at the receiver varies with the extent of the surrounding medium. 
(See the discussion at the beginning of the third chapter. ) It is 
maximum when the medium is lossless, since the power available to 
the receiver is then at a maximum. Recall that the radiation 
resistance is defined as the power available to the receiver per 
ampere of loop current squared. If some power is lost between the 
transmitting antenna and the receiver, the radiation resistance of 
the loop will decrease, since less power is available at the receiver. 
From Eq. (2-24), it is seen that the power radiated from the loop 
· 11 b -2k "r w1 e attenuated as e due to a surrounding lossy medium, 
where r is the distance between loop and receiver in the lossy 
medium. If the loop is enclosed in a finite spherical volume of 
saline solution, as in Fig. 4-3, the power reaching the outer 
boundary of the saline solution, P3, is then given by 
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= p e-2k "d rad (4-4) 
where Prad is the power radiated from the loop and d is the 
distance through which the radiated field travels through the saline 
solution. Here, the terminology used is that of Fig. 3-1. ·The power 
radiated from the loop is given by 
= 
where Rfs is the free space radiation resistance. Substituting 
this quantity into Eq. (4-4), 
2 -2k"d I R e fs { 4
-5 )  
The power reflection at the outer boundary of the saline 
solution can be analyzed with the aid of the reflection coefficient 
of the boundary. 8 The reflection coefficient f is the ratio of the 
�
f2 
Air cavity Q d 
(radius r1) 
Physiological 
saline solution 
Receiver 
Fig. 4-3 Loop antenna in a spherical volume 
of saline solution. 
reflected electric field intensity to the incident electric field 
intensity. In terms of the intrinsic impedances of the two media, 
60 
r = (4-6) 
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where 77 is the intrinsic impedance of the saline solution and 'Y)o  
is the intrinsic impedance of free space. In the second chapter it 
was found that 77 = (17. 89 + jl3. 66) ohms and 77 0 = 377 ohms. 
Substituting these values into Eq. (4-5), the reflection coefficient 
becomes 
r = o .  901 - j 0 . 066 (4-7) 
The power transmitted across the boundary is8 
where P . is the incident power. Using the present terminology, inc 
p - p c 1  - , r 1 2) outside - 3 
If the value of f in Eq. (4-7) is substituted into Eq. ( 4-8 ) , 
it is found that 17. 5% of the incident power is transmitted, the 
rest being reflected. 
(4-8} 
Substituting Eq. (4-5) into (4-8), the power available to the 
receiver becomes 
poutside 
= 2 -2
k"d I R e (1 -
fs 
(4-9 )  
It has been decided to make the radiation resistance of the loop in 
lossy media represent the power available to the receiver, so let 
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Poutside 
= I2 R rad '( 4-10) 
where R . .  rad is now the radiation resistance of the loop in lossy 
media. Equating the expressions in Eq. (4-9) and (4-10), it is seen 
that 
and thus 
12 R rad = I
2 R e-2k"d (1 -fs 
R = R e -
2k "d ( 1 - I f 1 2) 
rad f s  
(4-1 1) 
For ease of calculation, power reflection at the cavity wall has been 
neglected. Neglecting the reflection is equivalent to assuming that 
the electric field intensity in the cavity-saline system is given 
by the function in Fig. 2-3 near the cavity wall. This is believed 
to be a valid assumption as discussed in the second chapter .  We 
have here analyzed two of the three mechanisms of signal attenuation, 
the other being the reduction in radiated power caused by the presence 
of the dissipation resistance. 
Power available to the receiver 
The loop current I can now be found as a function of known 
quantities. The loop current is given exactly by Eq. ( 4-1),  but 
this expression can be simplified. From Eqs. (3-4) and (A-31) it 
is seen that the free space radiation resistance of the loop is 
much less than the wire resistance. Therefore the elimination of 
the radiation resistance will have a negligible effect on the 
loop current as long as an air cavity surrounds the loop. The 
radiation resistance is deleted, giving 
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I = 
C 
( 4- 12 )  
Using Eq. (4-10) and ( 4-11) with the loop current given by Eq. { 4-12),  
the power available to the receiver becomes 
P outside 
= 
c2 Rfs e
-2k "d (1 - 1 f 1 2) 
(R • + R • )
2 
wire d1ss 
watts (4-1 3 )  
The dissipation resistance given in Eq. ( 3-1) can now be inserted 
into Eq. (4-13) to produce an expression for power available to the 
receiver as a function of air cavity size and saline solution extent. 
In a practical situation, where a finite lossy medium would be used, 
some error would be introduced when Eq. (3-1) is used as the 
dissipation resistance, since this expression was derived for the 
case of an infini te surrounding saline solution. However, it was 
found in the previous chapter that mos t of the power dis sipated in 
the saline solution appears within a small radius of the loop. For 
example, 99% of the power dissipated in a physiological saline 
solution at 100 MHz appears within a sphere of radius 15 cm when 
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the air cavity radius is 5 cm. Therefore , the dis sipation resistance 
as given by Eq. (3-1) will be taken as exact for moderate and large­
sized surrounding solut ions. The path length d will be made at 
least 15  cm. The results may pos sibly be extrapolated to give some 
idea of the results that would be obtained with smaller saline 
solutions. 
The power available to the receiver {Eq. 4-13) becomes 
P outside 
= 
0. 175 c2 Rfs e
-42. 4d 
{ R  • + R
di 
) 2 
wire s s  
d > 15 cm 
wat ts { 4-14) 
in physiological saline solution at 100 MHz. Inserting the values of 
wire resistance and free space radiation resistance for a 1 cm radius 
loop made of #16 copper wire at 100 MHz into Eq. (4-14), with the 
constant c found for a 1 ma loop current ( Eq. 4-3), we have 
Poutside 
= 
-14 -42. 4d 
l. l0xl0 e 
d > 15 cm 
watts (4-15) 
Observe that Eq . (4-15 ) describes the reduction in radiated power 
caused by the presence of the dissipation resistance as well as the 
absorption-reflection of the radiated power by the partially 
conducting medium. The absorption o f  the radiated power is due 
solely to the term - 2k "d e and the reflection attenuation is due 
to the term ( 1  - l f l 2) in the numerator of Eq. ( 4-13 ) . The three 
attenuations can be separated by putting Eq. (4-13) in the form 
where 
2 
-2k"d e (1 -
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= c Rfs { 4-16 ) 
The three mechanisms of signal attenuation can be compared by 
determining the amount of  attenu�tion contributed by each. The 
power radiated by a loop in free space will be considered the 
reference power level. It is 
Wi ff t .  d R = 3. 79xl0
-5 ohms, th a loop current of 1 ma e ec 1ve an fs 
= 3. 79xl0-ll watts 
The absorption attenuation is then 
db atten. = 10  log 
= 10 log 
Pfs 
Pfs e 
-2k"d 
2k"d (e ) 
= 10 log (e42 • 4d) 
in physiological saline at 100 MHz. The reflection attenuation 
is then 
db atten. = 10  log 
Pfs 
pf s (
1 - 1 r1 2 > 
= 10  log 
1 - 1 r1
2 
= 7. 57 db 
in physiological saline at  100 MHz. The attenuation due to the 
reduction in loop current by the dissipation resistance is 
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(4-17 } 
(4-18 ) 
db atten. = 10 log ( 4-19) 
where Prad is found from Eq. (
4-16). 
The power attenuation due to the three effects is shown in 
Fig. 4-4 as a func tion of air cavity radius. The radius of the 
surrounding spherical saline solution is 30 cm. The losses due 
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to absorption and dissipation resistance may vary somewhat from the 
curves due to the presence of standing waves in the solution, 
especially at the larger cavity radii. _ The three attenuations are 
shown in Fig. 4-5 as a function of the saline solution radius. In 
this figure the air cavity has a radius of 3 cm. The total power 
attenuation at any point is the sum of the three individual 
attenuations. It appears that the absorption attenuation is dominant 
in the range of  air cavity and saline solution sizes considered, 
although extrapolation of  the curves in Fig. 4-5 indicates that the 
dissipation resistance becomes the dominant factor in reducing the 
received power when small volumes of saline solution are used. 
It is interesting to speculate on the results of using a multi­
turn coil as the antenna. The absorption and reflection attenuations 
will remain the same, since they are a function of the lossy medium 
only. However, the attenuation due to the dissipation resistance will 
rise, as is shown in the following discussion. 
I f  the loop has n turns, the electric field intensity at any 
point around the loop is i ncreased by a factor of n, provided that n 
is small enough so that the current has the same phase in every turn. 9 
Since the power dissipation in the near field of the loop is  pro­
portional to the square of the electric field intensity ( Eq. 2-1 8 ), 
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(4-20) 
where Pdm is the dissipated power in the saline solution around 
the multi-turn coil and Pd is the dissipated power found previously 
around a single-turn loop ( Eq. 2-19). Since the dissipation 
resistance is directly proportional to the dissipated power, the 
dissipation resistance of a coil of n turns is 
R = 2 R dissm n diss (4-21)  
where R is the dissipation resistance of a single-turn loop diss 
(Eq. 3-1) .  
For a single-turn loop, the loop current I is inversely 
proportional to the dissipation resistance ( Eq. 4-1), 
I = (4-22) 
For a multi-turn loop, the wire resistance will be at least 
proportional to the number of turns, and the dissipation resistance 
R · 1 1  b · b E· q ( 4  21) Therefore, Eq. (4-22 ) becomes dissm w1 e given y • - • 
I = 
n R  wire 
C 
+ n 2 R diss 
(4-23 ) 
71  
The radiation resistance of a multi-turn coil Rradm ' as  seen at the 
transmitter, is proportional to the square of the number o f  coil 
turns, 9 
R = n2 R radm rad 
where Rrad is the radiation resistance of a single-turn coil . 
The power radiated by a multi-turn coil is 
P I
2 
R radm 
= 
radm 
Substituting Eqs. ( 4-23) and (4-24) into Eq. (4-25), it is seen 
that 
2 2 c n Rrad 
(4-24 ) 
(4-25 ) 
(4-26) 
The power attenuation due to the presence of the dis.sipation 
resistance may now be found, using as a reference power level the 
power radiated by the multi-turn coil in free space. This power is 
given by Eq. (4-26 )  with Rdiss = O, or 
Pfsm = 
= 
c2 n2 R fs 
2 
(n Rwire > 
2 
C Rfs 
2 
l\vire 
(4-27 ) 
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Note that this radiated power is independent of the number of coil 
turns if the tank circuit exciting voltage , represented by the 
factor c , remains constant when the multi-turn coil is substituted. 
It seems then that no advantage is gained by increasing the number 
of coil turns. 
The constant c may now be substituted from Eq. {4-3) , the 
radiation resistance Rfs from Eq. {A-31) , and the wire resistance 
8wire from Eq. (3-4) , giving for Eq. {4-27) , 
watts 
The same values m�y be substituted into Eq. {4-26) , giving 
2) 2 (O. O4O6n + R
diss
n 
watts 
(4-28) 
{4-29) 
Note that the free space radiation resistance Rfs has been used 
for R in Eq. {4-26). The power attenuation resulting from the rad 
dissipation resistance is then 
db atten. = 10 log 
Pfsm 
Pradm 
with Pf and sm p giv
en by Eqs. (4-28) and { 4-29). radm 
{ 4-30 )  
The 
di i t ·  · t R is given by Eq. ( 3-1). The predicted ss pa 1 0n res1s ance diss 
power attenuation due to the dissipation resistance is shown in 
Figs. 4-4 and 4-5 for a 10-turn coil. 
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Summary ..Q.f_ the Invest igat ion 
CONCLUSIONS 
Three modes of signal attenuation in biotelemetry are identified. 
They are : 
(1 ) Absorption of the radiated power in the lossy medium 
in which the radiosonde is placed. 
(2) Reduction of the radiated power due to the appearance 
of a dissipation resistance in series with the radiating 
coil. 
(3 ) Reflection of the radiated wave from the lossy medium-
air boundary. 
Theoretical invest igation using published data of the properties 
of physiological saline solution indicates that absorption of the 
radiated power contributes most of the attenuat ion for moderate and 
large size volumes of saline solution. 
The value of the dissipation resistance is theoretically 
predicted. Its appearance in series with the radiating coil when 
the coil is surrounded by saline solution appears to have been 
experimentally verified . A theoretical analysis indicates that 
the effect of the dissipation resistance in reducing the radiated 
power via a reduct ion in coil current is second in importance for 
moderate and large size volumes of saline solution. When the 
radiosonde is enclosed in a small volume of saline solut ion, extra­
polation of the results indicates that the d issipat ion resistance 
becomes the chief factor in weakening the received signal. However, 
the approximat ions involved in the theoret ical determinat ion of the 
dissipation resistance prevent accurate prediction of the results 
that would be obtained with a smal l volume of saline solution. 
It must be remembered that the power attenuation resulting 
from the dissipation resistance was computed under the assumption 
that no other losses exist in the tank circuit other than the 
resistance of the wire in the coil . However, in practice many 
additional losses are usual ly  present. These may include : 
( 1) Power dissipated in nearby circuit elements. 
(2)  Dielectric loss in the coil wire insulation and in the 
coil form. 
(3 )  Wire resistance introduced by oxidation on the coil wire 
surface. 
( 4 )  Resistance of sol dered joints. 
( 5) Loss in extra circuit elements in addition to the tank 
circuit inductance and capacitance through which the 
circulating tank circuit current flows. 
(6) Loss in the tank circuit capacitor dielectric and leads. 
Al l these losses wil l tend to reduce the current in the radiating 
coil. If these additional losses are taken into consideration, 
the dissipation resistance wil l be found to have a smal ler effect 
on the received power than indicated in the fourth chapter. 
The dielectric loss of the tank circuit capacitor contributes 
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to a reduction in radiated power via a reduction in the current passing 
through the radiating coil. Tests on some typical capacitors indicate 
that the radiated power may be reduced as much as 20 db in some 
case s . Air dielectric capacitors were found to have very little 
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loss, and are suggested for use in the tank circuit. It may be 
expected, however, that unless precautions are taken, the water 
content of the air in a radiosonde may increase due to water seeping 
into the device from the body tissue s. Water vapor in the air 
dielectric would tend to increase the capacitor loss. 
The power reflected at the boundary between the lossy medium 
and the outside air was found to be about 84% of the power reaching 
the boundary. However, the resulting reduction in received power 
turns out to be small when compared to �he reduction caused by 
absorption and the dis sipation resistance. 
No advantage appears to be gained by using a coil of more than 
one turn as the tank circuit inductance, although in free space the 
power radiated increases  with the square of the number of turns. 
When the coil is surrounded by physiological saline, the apparent 
increase in radiated power is more than cancelled by the increase 
in dissipation resistance, which has the effect of reducing the coil 
current. Calculations indicate that the power received will decrease 
if the number of coil turns is increased, if the tank circuit 
exciting voltage remains the same with both inductances. This last 
condition may not apply to all transmitter circuits, so consideration 
may need to be given to the properties of the circuit used when the 
radiating coil is to be selected. 
Recommendat ions f.2.!: Increasing the Range .Qi V. H. F .  Biotelemetry 
Transmitters 
Since the dominant mode of attenuation appears to be radiated 
power absorption, it is most important to provide a short tissue 
path between the radiosonde and the receiver. Secondly, in order 
to reduce the magnitude of  the dissipation resistance, the power 
dissipated in the immediate vicinity of the coil must be minimized. 
This may be done in two ways : 
{ 1 ) Provide an air or loss-free dielectric space around 
the coil, keeping the distance between the coil  and 
the nearest body tissue as l arge as possible. The 
distance between the coil and the transmitter components 
must also be made as large as possible, because these 
components may dissipate power in the same manner as 
the body tissues. 
{ 2 )  Orient the coil so that a minimum electric field 
intensity is present in the body tissue. 
Many radiosondes are built into test-tubes with the axis of the 
radiating coil coincident with the axis of the test-tube, as 
shown in Fig .  5-1 .  The electric field intensity E about the coil 
will lie in the direction shown. Condition (2 )  is not satisfied 
in this case. A better position for the coil is that shown in 
Fig. 5-2. 
It is generally undesirable to isolate the radiating coil 
from the body tissue and the transmi tter components by reducing the 
coil size, because the power radiated by a coil increases with the 
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F ig .  5-1 
E 
Placement of the radiating coil in a typical test­
tube radi osonde. 
fourth power of the coil radius. Selecting the radius of the coil 
is then a compromise between increasing its radiation resistance 
and reducing the dissipati on resistance. 
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F ig .  5-2 
0 
Rad iat ing coil in a typical test- tube radiosonde 
or iented to m inim i ze the electric field  intens i ty 
in the surrounding body t issues. 
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APPENDIX A 
CALCULATION · OF THE ELEC1ROMAGNETIC FIELDS AROUND THE LOOP 
A small loop antenna made of one turn of wire is selected as 
the transmitting antenna. To make the loop a practical size for 
biotelemetry use, it is 1 cm in radius and is made of #1 6 copper 
wire. 
Vector magnetic potential around the loop 
The loop is oriented in the spherical coordinate system as shown 
in Fig. A-1. The loop current I is flowing in the positive cp 
X 
Fig. A-1 
z 
- - I 
"' ____.,,. _ _ _ I 
� - - I - ...J  
Circular loop antenna of radius a in the 
spherical coordinate system. 
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direction as indicated and its magnitude is taken to be the effective 
value of an instantaneous current i varying sinusoidally with time. 
The complex current I is then related to the instantaneous value 
by the following relationship. 
The vector magnetic potential A is everywhere parallel to the 
direction of current flow. Around the loop, therefore, it has 
(A-1 ) 
only one component, which lies in the ¢ direction. Since the 
loop circumference is small compared with a wavelength at 1 00 MHz 
(about 3 meters in air ) ,  the loop current is considered to have the 
same phase at all points on the loop. Therefore, the magnitude of 
the loop current will be the same at every point on the loop and so 
the vector potential wil 1 not vary with the coordinate cp • The vector 
potential will be evaluated at a point P directly above the X 
axis ( cp  = O) at an arbitrary polar angle 8 ,  as shown in Fig. A-2. 
and 
X 
z 
Fig .  A-2 The vector potent i al due to  an arb itrarily 
placed curren t element is eval uated a t  
point  P .  
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An infinitesimal vector potential dA , due to  the current in an 
infinitesimal length of wire dl = ad <p is given by 
dA
,s 
= dl {A-2) 
From the geometry of - the problem it is seen that 
R = Va2 + r2 - 2ar cos ¢ sin 9 (A-3) 
Substituting this val ue in Eq. (A-2 ) and noting that the right side 
of Eq. (A-2)  must be multiplied by c os cp in order that · only  the ¢ 
component of the vector potential be retained , it is seen that 
µ0 I cos p ,I-.. - - a d
't' 
4 7r Va2 + r2 - 2ar cos ¢ sin 8 
(A-4) 
A small modificat ion must be made in Eq. (A-4) before it is strictly 
correct. Since the field intensit ies propagate from the loop to 
point p at a finite velocity vp, the vector poten tial at point P 
is actually due to a current which occurred some t ime earlier, the 
time difference g iven by 
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Using the n otat i on of  Hayt, 1 0 Eq. (A-4) becomes 
dA
tJ 
= /L o  a [1] cos 1?, (A-5 ) 
4 1T  Va2 + r2 - 2ar cos cp sin e 
where the brackets around I indicate that t is to be replaced 
by (t - R/vp ) in the expressions for I. Eq. (A-1 ) then becomes 
[1] = y'2 Re � ej w  ( t - R�vp )] 
= fi Re � ej w t e-jw R(vp] 
= V2 Re G ej w t e-j kR] 
= V°2 Re [[� e
j w t] (A-6 ) 
where k is known as the propagation constant. Therefore, 
and Eq. (A-5) becomes 
= µ0 a I e-j
kR cos cp 
47T R 
with R = Va2 + r2 - 2ar cos ¢ sin e 
d cp 
Or , 
exp {-jk Va2 + r2 - 2ar cos cf, s in e) 
Va2 + r2 - 2ar cos cp s in e 
cos ¢ 
d cf, 
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Summing over all the current elements that make up the loop, 
= /J- o  I a 
4 7' 
f.2�xp ( -j k  Va2 + r2 - 2ar cos cf, s ine ) 
0 'V a2 + r2 - 2ar cos cp s in 8 
cos 1:,d cp 
(A-7 ) 
In order to avoid the difficult integration, Eq. (A-7) is rewritten 
as 
with 
= /J- o  I a 
4 7r 
( -j k exp 
(02 -n-f L cos cf, d cp 
Va2 + r2 - 2ar 
Va2 + r2 - 2ar cos 
(A-8) 
cos ¢ s i n e )  
cp sin e 
The function f { a) is expanded in a Taylor series around a = O, 
to approximate the vector potential at distances from the loop 
which are large compared with the loop radius. The first two terms 
of the Taylor series are 
f (O) 
e-jkr 
r 
f '  (0 )  
e-jkr 
c os cp [; + j
k] = s in e 
r 
The function f is then approximated by 
f = f { O) + f' {O) a 
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(A-9) 
Substituting Eq. { A-9) into {A-8), it is seen that 
Uo I a 2 s i ne · k = � - e - J  r 
4 7f 
(L + j k ) 
r2 r 
amp ( A- 1 0 ) 
I f  the loop area S is introduced, Eq. (A-10) becomes 
= /..Lo IS sin a A
-
.r-------
41T 
-jkr e amp 
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( A-11 )  
This expression was found using only the first two terms of  the Taylor 
series expansion for the fun ction f (a).  The result ing expression for 
f (a) (Eq. A-9) may not be valid for sma l l  values of r, due to the 
possibility of successive terms of the series in creasing in value for 
small r. Computing the third term of the Taylor series and check ing 
the resulting series expression to insure that successive terms decrease 
in value indicates that Eq. (A-1 1 )  is a valid approximation for r > 5 cm. 
The magnetic flux density B is found from B = curl A. In 
spher ical coordinates, if A has only the A- component, 
B = __ 1 __ _L 
oe r s in e (A-1
2) 
I f  Eq. (A-1 1 )  is subst ituted into Eq. (A-1 2), i t  is seen that 
/..Lg IS cos e 
e-j kr ( 
j k  1 
) ( A-13) Br 
= • - + -
21T r2 r3 
g2 IS sine -j kr (-
k2 j k  
+ �) 
(A-14) Be :;: + -f 
47' r r2 r3 
B -
= 0 (A-1 5) 
Since the magnetic flux density B is related to the magnetic 
field intensity H .  by 
Eqs. (A-13) through (A-15) can be written as 
Hr 
IS cos e = e 
2 1T' 
IS sin a 
H e  = 4 -,,-
H
,s 
= 0 
-j kr 
e -jkr 
- + -( 
j k  1 
) 
r2 r3 
( 
k2 j k  1 l - - + - + -
r r2 r3 
amp/m 
The electric field intensity around the loop is found from 
Maxwell ' s equation 
So 
curl H = j W D 
1 
E = -j - curl H W E 
volt/m 
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( A-16 )  
(A-17 )  
(A-18) 
(A-19) 
In spherical coordinates, for Eqs. (A-16) through (A-18 ) ,  
curl H = ! [L rH - ..E_ H J  
r O r  e O 6 · -r  
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. (A-20) 
Substituting Eqs. (A-16) through (A-18 ) into Eq. (A-20} , it is seen 
that 
curl H = IS sin e 
4 1T  
e-jkr [
� 
+ jk
3
] 
r2 r 
The electric field intensity can now be found with Eqs. (A-19 ) 
and (A-21 ). It is 
E = IS sin e 
4 1TW E  
-jkr 
[ k
3 
_ jk
2
] 
-
e 
r r2 a -
volt/m 
If the intrinsic impedance 77 = cJE is introduced, Eq. (A-22 ) 
become s 
E = 7]IS sin e 
4 1T 
e-jkr [� _ �J 
r r2 a, 
volt/m 
(A-21 ) 
(A-22 ) 
(A-23 )  
The method of obtaining the field intensities used here is outlined 
in reference ( 8). 
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Radiation resistance of the loop 
The electric and magnetic field intensities given by Eqs. (A-16) 
through (A-18) and (A-23) contain inverse-first, inverse-second, and 
inverse-third power terms of r. The inverse-second and inverse­
third power terms become small very rapidly as the radial distance 
r is increased. At large radial distances, the inverse-first 
power terms are the only terms of appreciable magnitude remaining. 
For large r, Eqs. (A-16), (A-17), and (A-23) become 
= 
:7 k21s sin e 
47Tr 
-jkr e 
e-jkr 
amp/m (A-24) 
volt/m (A-25) 
where S is the loop area and I is the loop current.  Eqs. (A-24) 
and (A-25) are the components of the radiated field. The radiation 
power flow is given by the Poynting vector N, 
N = E x H* watts/m2 
E and H as given by Eqs. (A-24) and (A-25) are everywhere 
spatially perpendicular, so Eq. (A-26) becomes 
(A-26) 
- E H * ,, 8 
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= T/ k4 I2s2 sin2 e 
16 7T 2r2 
watts/m2 (A-27 )  
The total power being radiated from · the loop in free space can 
be found by integrating the area power density in Eq. (A-27 )  over 
a sphere of any radius centered on the loop. The free space radiated 
power Pfs is 
= r217r Nr Pfs 
L 
r2 s in e 
0 0 
(A-28 )  
If Eq. (A-27) is now substituted into Eq. {A-28 ) and the integration 
carried out , the free space radiated power becomes 
where 'TJ 0 
watts 
and k are the free space values of the intrinsic 
0 
(A-29 ) 
impedance and the propagation constant. The radiation resistance 
of the loop is that resistance which dissipates the same power as 
the loop radiates. The free space radiation resistance Rfs will 
be given by the coefficient of I2 in Eq. (A-29 ) ,  
n k 452 · 10 o 
61T 
ohms 
The intrinsic impedance 7]o and propagat ion constant k 0 are 
g iven by 
"}o = V-1!: = 377 ohms 
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(A-30) 
= 2. 09 rad/m at 100 MHz. 
If these val ues are substituted into Eq. (A-30) , the rad iation 
resistance for a loop 1 cm in radius becomes 
R = 3. 79xl 0-5 fs 
ohms 
APPENDIX B 
ELECTRICAL PROPERTIES OF SALINE SOLUTIONS 
An aqueous saline solution can be considered to be a lossy 
dielectric. It has a fairly high dielectric constant and a 
conductivity which varies with the electrolyte concentration. If 
an alternating voltage is applied to . a saline solution , e.g. between 
two capacitor plates , two loss mechanisms are found. O,e is the 
familiar conduction loss which results from a current passing 
through an imperfect conductor. The other is the dipolar relaxation 
loss, which appears only when time-varying fields are applied, and 
is the result of the damped movement of electron clouds , ions, and 
molecules. 
To represent the dipolar relaxation loss, it is common to 
define a complex permittivity* E, given by 
E = E' - j E" farad/m (B-1) 
The quantity E' is called the a. c. capacitivity and E"  is denoted 
the dielectric loss factor. 
* The notation used here to describe dielectric loss is that used 
in Harrington.a 
The conduction loss is represented by the dielectric conductivity 
a-.  In a perfect dielectric CF = o, but in a saline solution , a 
conduction current density J will appear whenever an electric 
field is created in the solution. The conduction current density 
is related to the conductivity by 
J = U E amp/m2 
The uni ts of a- are seen to be mhos per meter. 
The conduction loss and the dipolar relaxation loss of a 
dielectric both vary with frequency and are indistinguishable by 
ordinary measurements made at the terminals of a capacitor containing 
the dielectric. Both losses result in conversion of electrical 
energy to. heat, and are usually lumped together. The two losses 
and the a. c. capacitivity are combined into the admittivity y ,  
given by 
y = U + j WE 
= U + WE' " + j W E' mho/m (B-2 ) 
where w is the radian frequency of the applied electric  field. The 
real part of the admittivity , ( CF + WE' ") , is called the equivalent 
conductivity. A knowledge of this quantity is all that is required 
to compute the power lost in the material. 
. 
E' The relative a. c. capacitivity E = - and the loss tangent r E0 ( U + WE " ). 
. . WE'' 
are tabulated in von Hipplel l  for saline solutions 
of different el ectrolyte ' concentrations and various frequencies. 
These values and the computed . equivalent conductivities are 
l isted in Table B-1. The relative a. c. capacitivity is shown 
graphically in Fig. B-1 as a function of the solution mol ality . 
Figs. B-2 and B-3 show the equivalent conductivity. In Fig .  B-3 
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the scales are expanded for better definition at the weaker electro­
lyte concentrations. 
A . physiological sal ine solution has a 0. 9% electrolyte 
concentration, corresponding to a molality of 0. 154. ·From Fig .  B-1 
the relative a. c. capacitivity of this solution at 100 MHz is 
seen to be approximately 75. From Fig. B-3, the equivalent con­
ductivity of the sol ution at 100 MHz is seen to be 1. 50 mho/m. 
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Table ·B-1 · 
Rel ative a . c . capaci tivity and l os f tangent  for aque ou s sal ine 
solution taken fr<?m von Hippl e . 1 Un i ts  of  ( a- + WE" ) 
are mhos per meter. 
Frequency , HZ 
0.1 mol al 
0.3 mol al 
0.5 mol a l . 
0.7 mol al 
E' • r 
tan 8 
( 0- + 
E' ' 
tan 8 
( 0- + 
E' ' r 
tan 8 
W E' " ) 
WE'" ) 
. ( 0- + WE''.' ) 
E' ' r 
tan 8 
( U + WE" ) 
E'_ • . r 
lxl05 
78.2 
2400 
1.04 
78.2 
6300 
2.74 
78.2 
9900 
4.30 
78.2 
13000 
5.65 
3xl08 
76 
0.78 
0.99 
71 
2.4 
2.8 
69 
3.9 
4.5 
tan 8 
3xl09 
75.5 
0.240 
3.02 
69.3 
0.435 
5.02 
67.0 
0.625 
6.98 
= 
- . 
1x101 0 
54 
0.560 
16.8 
52 
· o·.605 
1_7.5 
51 
0.630 
17.6 
50 
0.660 
18.3 
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APPENDIX C 
EFFECTS. OF LOSSY CAPACITORS IN THE TANK CIRCUIT ON THE RADIATED POWER 
A typical transmitter tank circuit is sbown in F ig • . 4-1. Fig. 
4-2 shows the same circuit with the coil losses included, wire -
�esistance, free space radiation resistance, and dissipation re­
sistance. The capacitor usually has some dielectric loss which 
contributes to a reduction in
.
the coil current in the same manner 
as the coil losses. Fig. C-1 shows the tank circuit of Fig. 4-2 
redrawn to include the capacitor loss in the form of a shunt re­
sistance Re • · 
Fig. C�l 
L 
2wire 
Rd .  l S S  
Transmitter tank circuit including coil and 
capacitor losses. 
The capacitor C and its shunt resistance Re have an impedance 
Zc given by 
where R is the equivalent series resistance of the parallel cs 
combination. So 
and 
1 + (w CRc ) 2 
W CR 2 C 
(C-1) 
(C-2 )  
The tank circuit of Fig. C-1 may now be redrawn as a totally series 
connection of elements, as shown in Fig. C-2. The circulating 
current I will be inversely proportional to the total resistance 
in the circuit. Or, 
I = (C-3 )  
L 
2wire 
Fig. C-2 Transmitter tank circuit including coil and 
capacitor losses. 
If the loop is  placed in free space so that Rdiss = O, Eq. (C-3 )  
becomes 
= 
Rwire + Rfs + Res 
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(C�4) 
· If the lossy capacitor is replaced by a hypothetical lossless 
capacitor so that R = o, Eq. (C-4) becomes cs 
C --I--=- -----
Then 
vol ts (C-5 ) 
The loop is made of #16 copper wire 1 cm in radius. From. Eqs. (3-4) 
and (A-31 ) Rwire = 0�0406 ohms and Rfs = 3. 79xl0
-5 ohms at  100 MHz. 
Substituting these values into Eq. (C-5) and assuming a loop current 
I of 1 ma effective, 
volts (C-6 )  
With a lossless capaci.tor , the free space rad iated power Pfs 
will be 
= 3 . 79xl0
-ll watts (C-7 )  
for a loop current of 1 ma effective. If the lossless capacitor 
is replaced by a lossy capacitor with an equivalent series 
resistance Res ' the loop current I will be given by Eq. (C-4). 
The radiated power Prad will be 
Substituting Eq. (C-4)  into (C-8 ) , the radiated power becomes 
10·4 
watts ( C-9 ) 
Substituting the values of 
(A-31 ) , and the constant c 
Rwire and Rfs from Eqs. ( 3-4 ) and 
from Eq. (C-6 ) ,  Eq. (C-9 ) becomes 
watts 
The effect of a lossy capacitor on the radiated power can be seen 
by substituting its equivalent series resistance Rcs into 
Eq. (C-10 ) and comparing the resulting radiated power with that in 
Eq. (C-7 ) .  The reduction in radiated power due to the lossy 
capacitor is given in convenient form by 
db atten. = 10 log 
using Pfs from Eq. (C-7 )  and Prad from Eq. (C-10 ) .  
(C-11 ) 
Measurement of the loss of some typical capacitors 
A number of fixed and variable capacitors were measured to 
determine their equivalent parallel resistance. The capacitors 
are .of the type that might be used in a 100 MHz transmitter tank 
circuit. The capacitors were measured with the r. f. bridge 
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(Boonton Radio Co. RX Meter ) that was used to measure the dissipation 
resistance. They were connected to the bridge binding posts with 
leads as short as possible, not over ½ inch in any case. All 
measurements were made at 100 MHz. The original readings of C and 
Re are tabulated in Table C-1, with the values of C5 and Res 
computed with Eqs. (C-1) and (C-2).  The capacitors are shown in 
Fig. C-3. The amount of reduction in the radiated power that would · 
theoretically occur if these capacitors were used to replace a 
lossless capacitor was computed with Eq. (C-11). The results are 
listed in . Table C-2. 
In practice, the radiated power reduction is not likely to 
be as high as the values in Table C-2 indicate, because a single­
turn loop is not likely to be used as the tank circuit inductance. 
A coil of five or so turns is more practical at l0Q MHz ; this coil 
will have approximately five times the wire resistance of the 
single-turn loop, and so the effect of adding more series resistance 
in the tank circuit on the loop current will not be so great. 
· CAPACITOR 
Cornell-Dubil ier d ipped 
ceramic , rated 15 pf :t: 5% 
unit 1 
unit 2 
unit 3 
Erie trimmer capacitor , 
rated 7-45 .pf 
unit 1 
unit 2 
E. F. Johnson type U 
subminiature air 
variable 
unit 1 
Hammarlund type HF 
miniature air 
variable 
unit 1 
Table c-1 
Series and parallel capacitance and resistance 
for some typical capacitors. 
C 
RC 
pf ohms 
14.85 65K 
14.82 45K 
· 14. 77 45K 
15.00 SOK 
15.00 70K 
10.00 - co  
15.00 . > 100K 
C 
RCS 
pf ohms 
14.85 0.18  
14.82 0.34 
14.77 0.25 
15.00 0.14  
15.00 0.16 
10.00 ,,_, 0 
... 
15.00 < 0.1 1 O' 
L F � John s on 
i. yp  · U sub­
m in i a t u:re a ir 
var i able 
Er ie tr immer 
ca Q<: i t  r s  
Hammarl und type HF 
miniature a ir 
v:ax i abl 
Co 
d i p  
cap c i  
F ig .. C-3 Typi ca tan c re · t  c pac i  ors 
e e asur d f or l o  
ich 
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· Table C-2 
Reduction in radiated power due to capacitor loss. 
CAPACITOR RADIATED POWER REDUCTION 
db 
Cornell-Dubilier dipped 
ceramic ,  rated 15 pf ! 5% 
unit 1 15 
unit 2 19 
unit 3 17 
Erie trinmer capacitor, 
rated 7•45 pf 
unit 1 13  
�-
unit 2 14 
E. F. Johnson type U 
subminiature air 
variable 
unit 1 0 
Hammarlund type 
miniature air variable 
unit 1 < 11 
APPENDIX D 
. ORIGINAL DATA . ON LOOP IMPEDANCE 
The procedure for measuring the loop impedance when the loop 
is in air and in  a saline solution is detailed in the third chapter. 
The original readings of the parallel resistance Rp, parallel 
capacitance Cp, �nd transmission line resistance Rline are 
tabulated in Tables D-1 through D-4. The measurements were made 
for a fixed cavity radius in air and in the saline solution 
sequentially, i.e. · the impedance was measured for trial 1 in air 
(recorded in Table D-la), then measured for trial 1 in saline 
(recorded in Table D-lb), then measured for trial 2 in air (recorded 
in Table D-la), etc. 
Table D-la 
Measured lo op impedance in  air , 3 . 7 cm cavity radius. 
lRIAL c
p
, Pf RP
, ohms Rline ' ohms . 
1 54.22 243 1010 
2 54.36 242 1010 
3 54. 46 241 1010 
4 54.82 237 1010 
5 54.64 238 1010 
6 54.60 238 1010 
7 54. 74 238 1010 
8 54 . 50 239 · 1010 
9 54.48 239 1010 
10 54.32 240 1010 
TRIAL 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10• 
Table D-lb 
Measured loop impedance in saline soluti on, 
3.7 cm cavity radius. 
_Cp, Pf Rp, ohms Rline' ohms 
54.40 235 1010 
54.48 235 1010 
54.47 235 1010 
54.83 232 1010 
54.73 232 1010 
54.78 231 1010 
54.83 231 1010 
54.59 231 1010 
54.54 231 1010 
54.49 232 1010 
U l  
11 :2 
Table D-2a 
Measured loop impedance in air, 5.0 cm cavity radius. 
TR I AL  C pf p' R , ohms p Rline ' ohms 
11 55.00 . 239 · 1020 
12 54.69 241 1020 
13 54.89 239 1020 
14 54.70 241 1010 
15 54.72 241 1010 
16 · 55.20 237 1020 
17 55.20 237 1010 
18 54.23 242 1010 
19 54.20 243 1010 
20 54.73 241 1020 
21 54.73 241 1020 
22 55.42 234 1020 
23 55.41 ·234 · 1020 
TRIAL 
1 1  
12 
13 
14 
15 
16 
17 
18 
19 
20· 
21 
22 
23 
Table 0-2b 
Measured loop impedance in saline sol ution, 
5 .0  cm cavity radius. 
cP,pf Rp, ohms Rline ' o hms 
55. 22 233 1020 
54 . 98 234 1020 
54. 82 236 1020 
54 . 93 237" 1010 
55.03 237 1010 
55.15 232 1020 
55. 29 233 1010 
54. 17 241 1010 
54. 12 241 1010 
54 . 97 238 1020 
54. 93 238 1020 
55. 35 232 1020 
55. 42 232 1020 
1 1 3  
1 14 
Table D-3a 
Measured l o op impedance in air , 6.1 cm cavity radius. 
TRIAL Cp, Pf Rp
,ohms Rline ' ohms 
24 58.48 207 1040 
25 58.53 207 1040 
26 58.34 208 1040 
27 58.38 208 1040 
28 58.58 208 - 1040 
29 58.49 209 1040 
30 58.52 208 . 1040 
31 58.59 208 .1040 
32 58.72 208 1040 
33 58.72 208 1040 
34 · 58.85 207 1040 
35 57.28 215 1040 
36 57.07 217 1040 
· 37 58.37 210 1040 
38 58.52 209 1040 
39 58.51 209 1040 
40 58.56 209 1040 
41 58.57 209 1040 
42 58.52 209 1040 
lR IAL 
24 
25 
26 
27 
28 
29 
30 
- 31 
32 
33 • 
34 
35 
36 
37 
38 
39 
40 
41 
42 
Table 0-3b 
Measured l o op impedance in saline solution, 
6.1 cm cavity radiU$ e  
Cp,Pf Rp, ohms Rl ine, ohms 
58.45 206 · 1040 
58.53 207 1040 
58.20 208 1040 
58.64 · 206 1040 
58.47 208 1040 
58.75 207 1040 
58.67 207 1040 
58.62 208 · 1040 
58.57 208 . 1040 
58.71 207 1040 
58.93 205 1040 
57.24 212 1040 
57.13 214 1040 
58·.29 209 1040 
58.63 208 1040 
-58.67 208 1040 
58.65 208 1040 
58.28 210 1040 
58.51 208 1040 
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Table D-4a 
Measured loop impedance in air , 7. 5 cm cavity radius. 
lRIAL Cp,Pf Rp, ohms R1 ine , ohms_ 
43 54.41 242 1010 
44 54.82 240 1010 
45 54.97 238 1010 
46 58.27 210 1050 
47 58.96 206 1 050 
48 59.18 205 1 050 
49 59.33 204 1050 
50 56.90 218 1040 
51 57.48 215 1 040 
1RIAL 
43 
44 
45 
46 
47 
48 
49 
50 
51 
Table D-4b 
Measured l o op impedance in saline solution, 
7.5 cm cavity radius. 
cP, pf RP , ohms Rline ' ohms 
54.69 240 1010 
54.68 240 1010 
54 . 93 · 239 1010 
58. 47 208 1050 
58. 78 206 1050 
58.91 206 1050 
59. 16 204 1050 
57.QS 217 1040 
.57 .35 214 1040 
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